In and evaginations of 2D cell sheets are major shape generating processes in animal development. They result from directed movement and intercalation of polarized cells associated with cell shape changes. Work on several bilaterian model organisms has emphasized the role of noncanonical Wnt signaling in cell polarization and movement. However, the molecular processes responsible for generating tissue and body shape in ancestral, prebilaterian animals are unknown. We show that noncanonical Wnt signaling acts in mass tissue movements during bud and tentacle evagination and regeneration in the cnidarian polyp Hydra. The wnt5, wnt8, frizzled2 ( fz2), and dishevelled-expressing cell clusters define the positions, where bud and tentacle evaginations are initiated; wnt8, fz2, and dishevelled remain up-regulated in those epithelial cells, undergoing cell shape changes during the entire evagination process. Downstream of wnt and dsh expression, JNK activity is required for the evagination process. Multiple ectopic wnt5, wnt8, fz2, and dishevelled-expressing centers and the subsequent evagination of ectopic tentacles are induced throughout the body column by activation of Wnt/␤-Catenin signaling. Our results indicate that integration of axial patterning and tissue morphogenesis by the coordinated action of canonical and noncanonical Wnt pathways was crucial for the evolution of eumetazoan body plans.
In and evaginations of 2D cell sheets are major shape generating processes in animal development. They result from directed movement and intercalation of polarized cells associated with cell shape changes. Work on several bilaterian model organisms has emphasized the role of noncanonical Wnt signaling in cell polarization and movement. However, the molecular processes responsible for generating tissue and body shape in ancestral, prebilaterian animals are unknown. We show that noncanonical Wnt signaling acts in mass tissue movements during bud and tentacle evagination and regeneration in the cnidarian polyp Hydra. The wnt5, wnt8, frizzled2 ( fz2), and dishevelled-expressing cell clusters define the positions, where bud and tentacle evaginations are initiated; wnt8, fz2, and dishevelled remain up-regulated in those epithelial cells, undergoing cell shape changes during the entire evagination process. Downstream of wnt and dsh expression, JNK activity is required for the evagination process. Multiple ectopic wnt5, wnt8, fz2, and dishevelled-expressing centers and the subsequent evagination of ectopic tentacles are induced throughout the body column by activation of Wnt/␤-Catenin signaling. Our results indicate that integration of axial patterning and tissue morphogenesis by the coordinated action of canonical and noncanonical Wnt pathways was crucial for the evolution of eumetazoan body plans.
cnidaria ͉ convergent extension ͉ morphogenesis ͉ actin ͉ JNK A nimal form is mainly elaborated by curvature of initially flat sheets of cells (1, 2) . Such processes of in and evagination can be mediated by an interplay of movement, intercalation, and division of cells as well as by changes in cell polarization and shape (3, 4) . The molecular events underlying these cellular behaviors have been studied in a number of bilaterian model systems to some detail (5) (6) (7) (8) . However, it is unknown how curvature is generated at the cellular and molecular level in more ancestral, prebilaterian animals. In consequence, we know little about the establishment of body plans of ancestral eumetazoans.
Hydra belongs to the basal eumetazoan phylum Cnidaria, the sister group to the bilaterian clade, whose members arose Ͼ550 million years ago and have since remained relatively unchanged. Hydra polyps are composed of 2 monolayers of epithelial muscle cells, ectoderm and endoderm, separated by a basement membrane called mesoglea. Ectodermal and endodermal epithelial cells, which constitute 2 distinct cell lineages, exhibit planar polarization by 2 contractile muscle processes extending from the basal end of each cell above the mesoglea. These muscle processes are oriented along (ectoderm) or perpendicular (endoderm) to the major oral-aboral body axis. Epithelial cells in the gastric region continuously divide resulting in permanent tissue growth and movement toward the oral and aboral ends of the polyp. Here, terminal differentiation into hypostome-, tentacle-, and foot-specific cells takes place. Continuous growth also provides the tissue for asexual evagination of daughter polyps (buds) and ongoing renewal of tentacles.
In tentacle and bud evagination, epithelial tissue changes its direction of movement and is recruited toward the evaginating centre in a circular pattern (9, 10) . The signals initiating this movement are unknown. The first sign of bud evagination in the presumptive budding zone of a big, budless polyp is pallisading, where ectodermal and endodermal epithelial cells enlarge their apical-basal dimension and become narrower in their planar dimension (11) . Then, Ϸ10-20 endodermal epithelial cells decrease their apical-basal length and increase their basal membrane area. This process leads to a curvature of the endodermal layer toward the ectodermal layer (12), followed by the beginning evagination of both layers and the disruption of the regular arrangement of ectodermal and endodermal muscle fibers (13) . Evaginating epithelial cells remain within their layer and retain their epithelial configuration. When bud tissue starts to elongate, epithelial cells reestablish regular fiber orientation according to the direction of the new bud axis (13) .
It is generally assumed that the evagination of buds and tentacles is a morphallactic process. Evagination and elongation of the bud up to stage 6-7 are based on tissue recruitment from the mother polyp and are not a result of enhanced growth (9, (14) (15) (16) . Mass tissue movement in the mother polyp toward the evaginating centre is supposed to be the driving force (11, 14) . Only in later budding stages, cell proliferation starts to contribute to the maturation of the bud (9, 14) . Oriented cell division has been demonstrated to have no role in evagination or elongation of buds and tentacles (17) .
In the present work, we characterize a noncanonical Wnt signaling pathway in Hydra, and show that transcriptional activation of this pathway is associated with tissue evagination during the formation of buds and tentacles. Activation of noncanonical Wnt signaling genes in Hydra requires Wnt/␤-Catenin signaling, which acts in patterning the major oral-aboral body axis. Our work indicates that canonical and noncanonical Wnt pathways were already separated in ancestral eumetazoans, but acted in a coordinated way in axial patterning and morphogenesis.
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of ectodermal epithelial cells with carbon particles in the body column close to the border between the body column and evaginating buds and tentacles (9, 10, 18) . Individual clusters were then observed during tissue recruitment and evagination. Quantitative analysis during 3 days of bud formation showed a 30-40% decrease in the oral-aboral length of carbon-labeled clusters, whereas the distal-proximal length had enlarged by Ϸ5-fold (Fig. 1A) . Epithelial cells in elongating buds did not significantly differ in shape from those in unevaginated gastric region [supporting information (SI) Fig. S1 ]. After 3 days of tentacle evagination, carbon-labeled clusters exhibited a 20% decrease in their oral-aboral length and a 4-5-fold length increase along the distal-proximal axis (Fig. 1 A) . Ectodermal epithelial cells from the gastric column flatten and increase their planar diameters during terminal differentiation into tentacle-specific cells (Fig. S1 ). This shape change likely contributes to the elongation of tentacles along the distal-proximal axis and to the smaller length ratio along the oral-aboral axis as compared with evaginated buds. Three days after labeling, carbon-positive ectodermal cells exhibited significantly reduced numbers of labeled neighbors in the evaginated bud ( Fig. 1 B and C) . Because growth, oriented cell division, and shape changes have no major role, our data indicate that labeled epithelial cells had intercalated laterally with unlabelled cells. Comparable tissue movements based on lateral intercalation have been studied in the development of many bilaterian animals (19, 20) . Prominent examples include sea urchin gastrulation (21) , evagination of imaginal discs and dorsal closure in insects (7, 8) , and convergence and extension in amphibians (3, 19) .
In vertebrates, noncanonical Wnt signaling directs tissue movements by regulating actin filaments and changing cellular polarity through a pathway similar to the Drosophila planar cell polarity (PCP) pathway (5, 22) . In Hydra, evagination of buds and tentacles was associated with dramatic reorganization of the actin cytoarchitecture (Fig. 1 D-G) . In unevaginated tissue, f-actin was restricted to ectodermal and endodermal muscle fibers in the basal portion of each epithelial cell running adjacent to the mesoglea (ml in Fig. 1D ). A view onto the plane of unevaginated epithelium at the level of the mesoglea shows the oral-aboral and circumferential orientation of muscle fibers of ectodermal and endodermal epithelial cells, respectively ( Fig. 1E ). However, in evaginating tissue, these muscle fibers detached from the mesoglea and stretched out to lateral membrane domains (Fig. 1F) . Also, we found large numbers of cytoplasmic actin filaments oriented in apical-basal direction along the lateral cell membranes in ectodermal epithelial cells (Fig. 1F') . A view onto the newly evaginating bud showed the beginning rearrangement of ectodermal and endodermal muscle processes (Fig. 1G ). We propose that these changes in actin filament orientation are essential to facilitate lateral membrane interactions and epithelial cell shape changes during the process of evagination.
Noncanonical Wnt Pathway Genes Are Activated in Evaginating Epithelial Cells. We cloned Hydra orthologues encoding potential noncanonical Wnt pathway members including wnt5, wnt8, frizzled2 ( fz2), strabismus(stbm)/van Gogh, and Rho-kinase (rok) ( Fig. 2A and Fig. S2 ). Hydra dishevelled and JNK orthologues have been reported earlier (23, 24) . Amino acid alignments revealed a high degree of structural conservation in the predicted protein-protein interaction domains as compared with higher bilaterians (Fig. 2 A, Fig. S3a , and Fig. S4 ). Critical amino acid residues involved in the action of Dishevelled in Wnt/␤-Catenin and PCP signaling (25) are conserved in the Hydra orthologue, suggesting that its capacity to act in canonical and noncanonical Wnt signaling was invented early in metazoan evolution.
In intact polyps, hvwnt5 was expressed in the distal tip of the tentacles (Fig. 2B ), whereas hvwnt8, hmfz2, and hydsh showed strong local up-regulation at the base of the tentacles ( Fig. 2C and Fig. S5 a and b) ; hvstbm and hvrok were expressed uniformly throughout intact polyps and during bud formation and regeneration (Fig. S3) . In large, budless polyps, hvwnt5 expression started in a patch of Ϸ10 ectodermal epithelial cells in the budding zone in the lower body column (Fig. 2D ), which is defined by an elevated gene expression level of ␤-catenin and tcf (23) . Directly adjacent to the ectodermal wnt5-expressing cell cluster, endodermal epithelial cells initiated a symmetry-breaking curvature toward the ectodermal layer ( Fig. S6) (12) ; hvwnt5 expression disappeared from the center of the bud protrusion at bud stage 3 (Fig. 2E) , when a stable wnt3-expressing head organizer is established (23, 26) . In stage 5 buds, patches of 5-10 hvwnt5-expressing ectodermal epithelial cells appeared in the future head region and defined the positions, where new tentacles began to evaginate (Fig. 2F and Fig. S6d ). These hvwnt5-positive cells remained in the tips of outgrowing tentacles (Fig. 2G ), until they were finally shed off in large mother polyps. This result and the disappearance of hvwnt5 expression from early bud stages shortly after the onset of evagination supports a view that HvWnt5 is primarily involved in the induction of tissue evagination and not in its maintenance. We can currently not decide whether Wnt5 ligands act on the canonical or noncanonical pathway or both pathways, because the hvwnt5-expressing cell clusters occur in regions where both ␤-catenin and tcf are expressed (23) .
The hvwnt8, hmfz2, and hydsh were coexpressed during evagination of buds and tentacles. They were up-regulated in stage 1 buds in a broader domain comprising the entire pallisading area before evagination ( Fig. 2 J and Fig. S5 c and h ). This elevated transcriptional level was retained in evaginating epithelial cells at the base of developing buds until the buds detached. Equivalent expression patterns were found at the sites of tentacle formation ( Fig. 2 K and L, and Fig. S5 d, e, i, and j) . It should be emphasized that the hytcf gene is not expressed at the base of evaginating buds after bud stage 3 (23) . Therefore, we propose that hvwnt8, hmfz2, and hydsh act in evagination through a noncanonical pathway independently of nuclear ␤-Catenin/Tcf complexes.
On removal of the head from intact polyps, hvwnt5, hvwnt8, hmfz2, and hydsh expressing centers of 5-10 epithelial cells appeared in the regenerating tips after 24-30 h and defined, as in buds, the sites of tentacle evagination (Fig. 2 H and M, and Fig. S5  f and k) . When small tissue pieces were excised from the upper gastric region of mh-1 polyps, which exhibit an increased head activation potential (27) , ectopic tentacles regenerated at high frequency. As in normal head regenerates, formation of ectopic tentacles was associated with local activation of hvwnt5, hvwnt8, hmfz2, and hydsh genes (Fig. 2 I and N, and Fig. S5 g and l) .
The results above indicate that Wnt5, Wnt8, Frizzled2, and Dishevelled are involved in bud and tentacle evagination in Hydra. In the anthozoan cnidarian Nematostella vectensis, wnt5 is also expressed at the base of developing tentacles during metamorphosis of planula larvae (28) . Also, previous work has demonstrated a role for Wnt5 in noncanonical Wnt signaling in deuterostomes and insects (29) . The most parsimonious explanation of all these data are that canonical and noncanonical Wnt pathways had been separated in the common cnidarian-bilaterian ancestor, and that a function of Wnt5 subfamily members in cell polarization and movement was invented in early eumetazoans and inherited by both cnidarians and bilaterians. Our finding that hvwnt8, a member of a Wnt subfamily strictly acting through ␤-Catenin/Tcf in vertebrates, is coexpressed with hmfz2 and hydsh in tissue evagination independently of Tcf supports a recently proposed hypothesis that Wnt ligands define the intracellular response depending on the receptor context (30) .
JNK Activity and Tissue Evagination in Hydra.
A key player downstream of bilaterian noncanonical Wnt pathways is JNK (5, 6, 31). We have previously described strong expression of the Hydra JNK orthologue during nematocyte differentiation (24) . Here, by using RT-PCR and mRNA from interstitial cell-free Hydra, hvJNK mRNA was detected in epithelial cells of head and body column tissue (Fig. S7) . Also, Western blottings made from epithelial cells clearly exhibited phosphorylated JNK (Fig. S7) . Hydra tissue has been demonstrated to be well accessible for treatment with macromolecules such as peptides, antibodies, and small molecule inhibitors using a DMSO loading protocol (32, 33) . To explore morphogenetic effects of JNK in Hydra, we used the JNK-specific inhibitor SP600125 (34) . Tissue extracts from polyps treated with 2.5 and 25 M SP600125 showed strongly reduced capacities to phosphorylate a recombinant c-Jun target (Fig. 3A) . Treatment also decreased phosphorylation of Hydra JNK at 25 and 50 M concentrations (Fig. 3B) , which can be explained by JNK autophosphorylating activity as observed in other systems (34) . SP600125 did not affect phosphorylation of Hydra ERK (Fig. 3A) , nor did it block the ability of tissue extracts to phosphorylate the p38 target ATF2 (Fig. 3C) . These results demonstrated that SP600125 acts in the Hydra JNK pathway, whereas the related p38 and ERK pathways showed no response. In vivo, continuous SP600125 treatment of freshly detached and daily fed polyps for Ͼ10 days inhibited bud formation in a dose-dependent manner (Fig. 3D) . To study the action of JNK on tissue movement, cell clusters at the border between the body column and newly evaginating buds were carbonlabeled, and the polyps then continuously incubated in 25 M SP600125. Individual clusters were observed over 3 days. Bud evagination was inhibited in SP600125-treated polyps and the initially circular carbon-labeled cell clusters showed no obvious elongation or narrowing (Fig. 3E ), suggesting that JNK activity is necessary for correct lateral cell intercalation. We observed a small general increase in cluster length along the oral-aboral and distalproximal axes (Fig. 3E) , which could be due to tissue growth or a minor apical-basal flattening of ectodermal epithelial cells caused by SP600125. DMSO-treated controls showed regular bud evagination, and the carbon-labeled cell clusters exhibited elongation and narrowing equivalent to untreated controls (Fig. 3E) . SP600125 treatment also delayed the formation of tentacles during head regeneration in a dose-dependent manner (Fig. 3F) . This assay was used to explore whether SP600125 affected gene expression. In head regenerates, treatment with 25 M did not delay the formation of noncanonical wnt expression centers (Fig.  3G) . Treatment also did not affect activation of the tentacle-specifc gene alx (35) . These results suggest that inhibition of JNK activity blocks tentacle formation downstream of canonical and noncanonical Wnt pathway genes. Inhibition could be due either to a block of morphogenetic tissue movements or to changes in the patterning system defining the positional values for evagination along the major body axis. To test whether SP600125 treatment altered positional values, SP600125-treated tissue explants were transplanted laterally into untreated polyps and scored for their ability to induce a secondary body axes. In this experiment, SP600125 treatment did not alter the capacity to induce a second axis as compared with untreated control tissue (Fig. S8) . This result supports a view that JNK does not affect positional information, but more likely interferes with morphogenesis and tissue movement similar to its known function in noncanonical Wnt signaling in bilaterians (5, 31) . Whether Hydra JNK is directly regulated by Dishevelled is presently unknown. JNK can be activated by various upstream regulators such as cytokines, growth factors, and environmental stress (36) . Therefore, we cannot exclude that other effectors than noncanonical Wnt signaling are involved in modulating the morphogenetic action of JNK in Hydra.
Wnt/␤-Catenin Signaling Activates Noncanonical Signaling Centers.
The patterning systems generating tentacles and buds are coupled to positional information along the oral-aboral axis of Hydra. Buds and tentacles emerge at defined axial positions, which are under the control of a head organizer located in the hypostome (37) . Canonical Wnt signaling has been demonstrated to be a critical component of the Hydra head organizer and oral organizers in other cnidarians (23, (38) (39) (40) (41) . Also, the hytcf gene (23) , and all Hydra wnt genes found in EST and genome sequence collections except hvwnt5 and hvwnt8, act in the hypostomal head organizer in patterning the oral-aboral body axis. Treatment of budless polyps with 5 M of the GSK3-specific inhibitor alsterpaullone results in nuclear translocation and over-activation of ␤-Catenin, which leads to the stepwise formation of ectopic tentacles and ectopic heads throughout the entire body column (33) . Fig. 4 A-E shows that multiple hvwnt5, hvwnt8, hmfz2, and hydsh expression centers occurred in alsterpaullone-treated Hydra, and these centers defined the position of ectopic tentacle evagination. Early stages of ectopic tentacle formation exhibited curvature of the muscle layers toward the ectoderm (Fig. 4F) and reorientation of ectodermal and endodermal muscle processes (Fig. 4G) as in normal tissue evagination (Fig. 1 F and G) . When treatment with 5 M alsterpaullone was combined with 25 M of the JNK inhibitor SP600125, ectopic hvwnt5, hvwnt8, hmfz2, and hydsh expression centers appeared (Fig.  4 H-K) . Also, actin stainings showed curvature of the muscle layers (Fig. 4M) and reorientation of muscle processes at the positions of these signaling centers (Fig. 4N ), but ectopic tentacle formation was inhibited (Fig. 4L) . As in head regeneration, JNK acted on evagination downstream of canonical and noncanonical gene activation potentially by inhibiting lateral cell intercalation, whereas particular aspects of tissue evagination such as the reorientation of muscle processes seemed to be independent of JNK activity.
In this assay, we also tested the ␤-Catenin inhibitor ZTM000990, which had previously been shown to inhibit the interaction between ␤-Catenin and Tcf in vertebrates (42) . ZTM000990 strongly inhibited the interaction of recombinant Hydra ␤-Catenin and Hydra Tcf proteins in coimmunoprecipitation experiments (Fig. 4V) . Also, treatment of intact polyps with 25 M ZTM000990 led to a substantial decrease in the head activation potential in body column tissue as tested in lateral transplantation assays (Fig. S8) . In polyps cotreated with 5 M alsterpaullone and 25 M ZTM000990, ectopic hvwnt5, hvwnt8, hmfz2, and hydsh expression centers did not form (Fig. 4 O-R and Fig. S9 ), and ectopic head structures did not develop (Fig. 4S) . The arrangement of epithelial muscle processes was equivalent to normal, unevaginated tissue (Fig. 4 T and U) . Together, our results demonstrate that nuclear ␤-Catenin activates expression of noncanonical pathway genes, which then induce tissue evagination (Fig. 4W) . It is presently unclear, whether transcriptional activation is based on direct binding of ␤-Catenin/Tcf complexes to the corresponding promoters. Because alsterpaullone leads to uniform activation of the tcf gene and uniform nuclear translocation of ␤-Catenin along the oral-aboral axis (33), additional unknown regulation must restrict the activation of noncanonical genes to spot-like expression centers.
A notable feature of polyps cotreated with 5 M alsterpaullone and 25 M ZTM000990 was the formation of over-sized basal discs (Fig. 4 O-S and Fig. S10 ). Although gain of nuclear ␤-Catenin activity leads to oralization of the entire oral-aboral axis in Hydra (33), loss of nuclear ␤-Catenin activity seems to result in aboral fate decision. Because Wnt/␤-Catenin signaling specifies head to tail polarity during embryogenesis and regeneration in all major bilaterian clades (43, 44) , our observation supports the view that the cnidarian oral-aboral and the bilaterian anterior-posterior body axes are related (45, 46) .
Conclusion
According to Hyman, Eumetazoa were the first animals to evolve definite and reproducible form as well as primitive body outgrowths and appendages such as buds and tentacles (47) . Here, we show that evagination of such structures in the cnidarian Hydra, a represen- tative of the most basal extant eumetazoans, is mediated by mass tissue movements based on lateral intercalation, and that noncanonical Wnt signaling acts in the initiation and maintenance of evagination. Because polarized tissue movements are regulated by noncanonical Wnt pathways throughout bilaterian model organisms, it appears likely that this mechanism represents one of the significant features of the ancestral tool kit for the development of eumetazoans. Based on the data presented here, we argue that the evolution of a rather complex Wnt signaling network that integrated axial patterning and tissue morphogenesis appeared Ͼ550 million years ago and may have been essential for the diversification of eumetazoan body plans.
Materials and Methods
Animals and Tissue Manipulations. Hydra vulgaris strain Basel and Hydra magnipapillata mutant strain multiheaded-1 were kept in mass culture under daily feeding. Experimental animals were collected 24 h after the last feeding. For head regeneration, polyps were bisected at 80% body length. For regeneration of ectopic head structures, tissue rings of Ϸ1/10 of the entire body length were cut out of the distal gastric region of mh-1 polyps. All experiments were performed at 18°C.
Carbon Labeling and Morphometric Measurements.
Clusters of ectodermal epithelial cells were vitally labeled by ink injection as described (18), and analyzed under phase contrast optics. Details are given in SI Materials and Methods.
Actin Staining. Animals were relaxed in 2% urethane and fixed in 4% paraformaldehyde in hydra medium at 4°C for 1 h. 
